r Action potential threshold can vary depending on firing history and synaptic inputs. r We used an ex vivo carapace-spinal cord preparation from adult turtles to study spike threshold dynamics in motoneurons during two distinct types of functional motor behaviour -fictive scratching and fictive swimming.
Introduction
Functional motor behaviours in vertebrates involve activation of large-scale neural networks resulting in intense convergent synaptic inputs to motoneurons. Synaptic inputs not only directly change the membrane potential of motoneurons, but can modulate their excitability as well (Delgado-Lezama & Hounsgaard, 1999; Rekling et al. 2000; Heckman et al. 2009 ). The excitability of a motoneuron critically depends on the threshold for action potential generation: only when the membrane potential is depolarized sufficiently to exceed the threshold potential, an action potential is generated and consequently the muscle fibres innervated by a motoneuron contract. The same motor units are involved in different motor behaviours, consisting of movements ranging from ballistic to slow and precise, and therefore the excitability of motoneurons may require adjustments. Modulation of action potential threshold in motoneurons could provide the ability to dynamically adjust the excitability and recruitment order for functional needs.
The threshold potential varies with recent firing history and synaptic inputs in motoneurons (Schwindt & Crill, 1982; Brownstone et al. 1992; Krawitz et al. 2001; Power et al. 2010) as well as in other types of neurons (Azouz & Gray, 2000; Henze & Buzsáki, 2001; Wilent & Contreras, 2005; Muñoz & Fuentealba, 2012; Fontaine et al. 2014) . The excitability of spinal motoneurons increases due to hyperpolarization of the threshold potential level in cat motoneurons during fictive locomotion (Krawitz et al. 2001 ) and fictive scratching (Power et al. 2010) as well as in rat motoneurons during fictive locomotion (MacDonell et al. 2015) . Hyperpolarization of the threshold potential in rat motoneurons can be attained by activation of descending serotonergic fibres (Gilmore & Fedirchuk, 2004) or by pharmacological application of serotonin and noradrenalin (Fedirchuk & Dai, 2004) . However, the threshold depolarizes in cat motoneurons during fictive weight support (Power et al. 2010) . Moreover, it was reported previously that the threshold potential in motoneurons depolarizes by up to 10 mV during repetitive firing induced by a rectangular depolarizing current pulse (Schwindt & Crill, 1982; Miles et al. 2005; Grigonis et al. 2016) . This depolarization of the threshold, caused by inactivation of sodium channels, contributes to spike frequency adaptation (Powers et al. 1999; Miles et al. 2005) , is related to the reduction of gain (i.e. the slope of frequency-current relationship) (Grigonis et al. 2016) , and therefore decreases the excitability of motoneurons. The membrane potential of motoneurons periodically depolarizes during motor network activity and bursts of spikes are fired (Robertson & Stein, 1988; Alaburda & Hounsgaard, 2003; Guzulaitis et al. 2016) . Repetitive firing within a burst during functional network activity could lead to inactivation of sodium channels and thus depolarization of the threshold potential. There are indications that the threshold can depolarize within bursts of spikes in motoneurons during fictive locomotion (Brownstone et al. 1992) and fictive scratching (Petersen & Berg, 2016) . Therefore, the modulation of the threshold potential in motoneurons may depend not only on the type of spinal network activity, but might change during episodes of activity as well.
Modelling and experimental studies of pyramidal neurons proposed that membrane conductance is a factor which can influence the threshold potential (Prescott et al. 2006; Fernandez & White, 2010) . During functional spinal neural network activity membrane conductance of turtle motoneurons increases on average by 60% (Alaburda et al. 2005; Guzulaitis et al. 2016) . We demonstrated previously that a pharmacological increase in membrane conductance of a similar magnitude does not change the threshold for action potential generation (Grigonis et al. 2016) . However, during neural network activity an increase in conductance is stochastic; it may be unevenly distributed on the dendrites and soma of motoneurons and instantaneous peaks of an increase can reach up to 300% (Alaburda et al. 2005; Berg et al. 2008) . These factors might lead to a noticeable effect on the threshold potential.
In the present study we performed intracellular recordings from spinal motoneurons in an ex vivo carapace-spinal cord preparation from adult turtles to investigate the dynamics of the voltage threshold for action potential initiation during two distinct types of motor network activity -fictive scratching and fictive swimming. The neuronal circuitry for scratching is intrinsic to the spinal cord (Stein, 2005; Guzulaitis et al. 2014) , while the circuitry for swimming also involves activation of descending pathways (Lennard & Stein, 1977; Guzulaitis et al. 2016) . We found that the threshold potential in motoneurons depolarizes by about 10 mV within each burst of spikes generated during scratch and swim network activity and recovers between bursts to a slightly depolarized level.
Methods

Ethical approval
Animal care and surgical procedures according to national legislation were approved by the State Food and Veterinary Service of the Republic of Lithuania. The procedures were implemented in accordance with Directive 2010/63/EU of the European Parliament and of the Council on the care and use of animals for scientific purposes and also comply with The Journal of Physiology policy on animal ethics.
Ex vivo carapace-spinal cord preparation
Adult red-eared turtles (Trachemys scripta elegans; 10-15 cm in carapace length) of either sex were obtained from Nasco, Fort Atkinson, WI, USA. Turtles were given ad libitum access to water and were fed three times per week. Surgical procedures were described previously (Alaburda & Hounsgaard, 2003; Guzulaitis et al. 2013) . Briefly, turtles (n = 22) were placed on crushed ice at least 2 h before surgery to induce drowsiness and reduce stress and pain by hypothermia (Melby & Altman, 1974) . In this way the head and neck could be protracted using minimal force. Brain functions were terminated immediately upon decapitation by crushing the head. The blood was substituted by perfusion through the heart with a Ringer solution containing (mM): 120 NaCl, 5 KCl, 15 NaHCO 3 , 2 MgCl 2 , 3 CaCl 2 , and 20 glucose, saturated with 98% O 2 and 2% CO 2 to obtain pH 7.6. In 12 out of 22 turtles, to isolate the spinal cord, musculature and limbs were removed and transverse cuts were made rostral to spinal roots of D10 (or S2) and C6 spinal segments. The hip flexor (HF) motor nerve was exposed and cut.
Slice preparation
In 10 out of 22 turtles transverse slices (1.5-2 mm thick) were obtained from the lumbar enlargement (D8-S2 segments) of the spinal cord. Experiments were performed at room temperature (20-22°C) in a Ringer solution.
Stimulation
A tactile stimulus on the body surface of a turtle elicits a rhythmic motor response termed scratching (Stein, 2005) . During a scratch, the limb reaches toward and rubs against the stimulated site. In an ex vivo carapace-spinal cord preparation, scratch network activity was initiated by mechanically stimulating the turtle carapace (M8-M9.5 dermatomes) with fire-polished glass rod mounted to the membrane of a loudspeaker controlled with a function generator. Stimulation of these dermatomes of the turtle carapace induces pocket scratching (Mortin et al. 1985) , and for simplicity we will refer to it as scratching.
In vivo studies showed that electrical stimulation of the contralateral dorsolateral funiculus (cDLF) of the turtle spinal cord elicits rhythmic limb movements similar to those observed during swimming (Lennard & Stein, 1977) . Electrical stimuli (0.2-0.5 ms pulses of 0.5-2 mA amplitude applied at 5-15 Hz frequency) for induction of swim network activity were applied to cDLF at C6 spinal segment using a bipolar concentric electrode (model TM33CCNON, World Precision Instruments) .
Recordings
Intracellular recordings in current-clamp mode were performed with an Axoclamp 2A or Axoclamp 2B amplifier (Molecular Devices). Sharp glass pipettes were filled with a mixture of 0.9 M CH 3 CO 2 K and 0.1 M KCl. Motoneurons were identified by their location in the ventral horn, size (via input resistance and time constant) and the amplitude of action potentials. Recordings were accepted if neurons had a stable membrane potential more negative than -50 mV, if they did not fire spontaneously, and if the amplitude of action potentials was higher than 70 mV (McDonagh et al. 1999) . Data were sampled at 10 kHz or 20 kHz with a 16 bit analog-to-digital converter Digidata 1440A (Molecular Devices) and displayed using pCLAMP software (Molecular Devices).
The electroneurogram (ENG) of the HF nerve was recorded with a differential amplifier Iso-DAM8 (World Precision Instruments) using a suction electrode. The bandwidth was 100 Hz to 1 kHz.
Data analysis
Threshold potential (V th ) was defined as the membrane potential at the moment when membrane potential starts to depolarize faster than 10 V s −1 during the onset of an action potential (Brownstone et al. 1992; Krawitz et al. 2001; Miles et al. 2005; Grigonis et al. 2016) .
The magnitude of threshold potential depolarization within a burst of action potentials generated during fictive scratching or fictive swimming was evaluated as the difference between the most negative (which in all cases was the threshold of the first spike in a burst) and the most depolarized value of the threshold potential. The magnitude of threshold potential depolarization during repetitive firing induced by a square current pulse was the difference between the most negative threshold value (which in all cases was the threshold of the first action potential) and the mean of threshold potentials during the last 0.25 s of square current pulses lasting 1 s (which represents the steady-state value as the further depolarization of the threshold potential with time is negligible) (Grigonis et al. 2016) .
Rheobase was the minimal amplitude of a square current pulse (lasting at least 200 ms) required for action potential initiation.
Mean interspike interval (ISI) within a burst of spikes during scratching and swimming episodes or during repetitive firing induced by a square current pulse was the average of all individual ISIs.
The slope of pre-spike membrane potential was evaluated as the slope of membrane potential within 10 ms prior to the threshold for action potential initiation.
Smoothed membrane potential within bursts of spikes during scratching and swimming episodes was J Physiol 595.17 obtained by using 100 ms centred unweighted moving averages.
The magnitude of threshold potential depolarization, burst duration, number of spikes in a burst, mean ISI, correlation between V th and ISI, correlation between V th and the duration from the onset of a burst, correlation between V th and smoothed membrane potential, correlation between V th and the slope of pre-spike membrane potential within bursts of spikes were quantified as the average of the values obtained from the second and the third bursts at an episode of scratching or swimming. Each of these bursts consisted of at least 10 spikes.
Correlation between variables was evaluated using Pearson's linear correlation coefficient.
Data were analysed statistically using a Student's unpaired two-tailed t test (unless stated otherwise), as according to a Shapiro-Wilk test compared data sets were distributed normally. Significance was accepted when P < 0.05. Data are presented as mean ± standard deviation (n = number of neurons).
Results
The threshold potential depolarizes within bursts of action potentials generated during scratching and swimming
We used mechanical stimulation of the carapace (Fig. 1A ) and electrical stimulation of cDLF (Fig. 1B) in an ex vivo carapace-spinal cord preparation to evoke two distinct rhythmic motor behaviours -fictive scratching and fictive swimming, which are reflected in the activity of hip flexor (HF) motor nerve. The membrane potential of spinal motoneurons rhythmically depolarizes during generation of motor programmes (Robertson & Stein, 1988; Alaburda & Hounsgaard, 2003; Guzulaitis et al. 2016) , and when the threshold is reached motoneurons fire bursts of action potentials.
We evaluated the threshold for action potential generation in motoneurons during scratching and swimming. The threshold potential depolarized in each of firing bursts starting from the most negative value at the onset of a burst and then increasing with time during both scratching (Fig. 1A) and swimming (Fig. 1B) .
At the beginning of stimulation that evokes rhythmic spinal neural network programmes the electrical activity of the corresponding motor nerve is usually less intense than during later phases of stimulation, and the first burst of action potentials during an episode of motor behaviour may not be fully developed, and therefore, we selected the second and the third bursts at each episode during scratching and swimming for analysis. The burst duration (0.78 ± 0.26 s), the number of spikes (19.3 ± 5.8) and the mean interspike interval (45.0 ± 15.2 ms) of examined firing bursts during scratching (n = 15) did not differ significantly from the burst duration (0.76 ± 0.22 s), the number of spikes (20.4 ± 8.7) and the mean ISI (43.8 ± 16.7 ms) during swimming (n = 10).
In all analysed bursts the value of the first spike threshold was the most negative. The magnitude of threshold potential depolarization (measured as the difference between the minimal and the maximal threshold values within a burst of spikes) was 9.2 ± 1.8 mV (n = 10) during swimming and 10.3 ± 2.3 mV (n = 15) during scratching ( Fig. 2 ). There was no significant difference in the magnitude of threshold depolarization between scratching and swimming. During swimming 10 out of 10 analysed neurons were hip extensor (HE) motoneurons (they generated bursts of action potentials out of phase with hip flexor (HF) nerve activity). During scratching 9 out of 15 analysed neurons were HF motoneurons (they generated bursts of spikes in phase with HF nerve activity) and 6 of 15 neurons were HE motoneurons (they generated bursts out of phase with HF nerve activity). There was no significant difference in the magnitude of threshold potential depolarization as well as in the burst duration, number of spikes and mean ISI between HE and HF motoneurons within bursts of action potentials generated during scratching. It was previously shown that the threshold potential in motoneurons depolarizes during repetitive firing induced by a square current pulse (Schwindt & Crill, 1982; Miles et al. 2005; Grigonis et al. 2016 ); hence we compared the magnitude of threshold depolarization during motor network activity with the one during square current pulse stimulation. The threshold potential and its depolarization might depend of firing frequency (Henze & Buzsáki, 2001; Muñoz & Fuentealba, 2012) , and therefore we selected the responses during current pulse stimulation lasting 1 s (n = 22) which had the mean ISI (41.9 ± 4.4 ms) and the number of spikes (24.3 ± 2.9) similar to those observed in bursts of spikes generated during scratching and swimming. The amplitude of current pulse stimuli was 2.3 ± 1.1 nA. The magnitude of threshold potential depolarization within responses of repetitive firing evoked by a square current pulse (9.6 ± 2.6 mV; n = 22) did not differ significantly (one-way ANOVA) from the magnitude of threshold depolarization within bursts of action potentials during scratching and swimming (Fig. 2) .
Threshold potential depolarization during repetitive firing evoked by current pulse stimulation is associated with a decrease in the availability of sodium channels due to inactivation (Powers et al. 1999; Miles et al. 2005) . Inactivation of sodium channels may also underlie the depolarization of the threshold potential observed within bursts during scratch and swim network activity. To test this, we injected small amplitude (0.3-0.5 nA) 250 ms duration hyperpolarizing square current pulses applied at 2 Hz frequency during motor network activity (Fig. 3A) . Negative current pulses were not sufficient to hyperpolarize the membrane potential during bursts close to resting potential values, but in most cases reduced firing frequency or even totally inhibited firing. We compared the threshold potential of the last spike before a negative current pulse with the threshold of the first spike after that negative current pulse during burst generation. Action potential threshold after negative current pulses hyperpolarized significantly (paired two-tailed t test) from -38.6 ± 4.3 mV to -41.3 ± 4.6 mV (n = 14) during episodes of scratching ( Fig. 3B ) and from -40.4 ± 4.4 mV to -42.5 ± 4.9 mV (n = 14) during episodes of swimming (Fig. 3C ). These results indicate that sodium channel inactivation takes part in the depolarization of the threshold within bursts.
Recovery of action potential threshold between bursts of spikes
The threshold for action potential generation depolarizes within firing bursts during scratch and swim network activity, but it is not clear to what extent the threshold recovers between bursts. To test this, we compared the threshold of the first spike in the first four evoked bursts during scratching (Fig. 4Aa) and swimming (Fig. 4Ba) . We found that during scratching the threshold of the first 
A B
−44 mV −46 mV −48 mV Figure 2 . The magnitude of threshold potential depolarization within bursts of action potentials during scratching and swimming and during repetitive firing evoked by a square current pulse is similar A, an example of threshold potential depolarization extent in single bursts of spikes generated during scratching and swimming and during repetitive firing evoked by square current pulse stimulation. Recordings in A are taken from different motoneurons. B, there are no significant differences (one-way ANOVA) in the magnitude of threshold potential depolarization among firing bursts during scratching, swimming and square current pulse stimulation. n.s., non-significant differences. V th , threshold potential; V m , membrane potential; stim, stimulation; V th , the magnitude of threshold potential depolarization.
J Physiol 595.17 action potential in the first burst (-44.9 ± 6.1 mV) was slightly (by less than 2 mV) but significantly (repeated measures ANOVA with Tukey's post hoc test) more negative than in the second (-43.6 ± 5.6 mV), third (-43.0 ± 5.6 mV) and fourth (-43.3 ± 5.8 mV) bursts (n = 16) (Fig. 4Ab) . The threshold of the first spike in the second, third and fourth bursts did not differ significantly. Likewise, during swimming the threshold of the first action potential in the first burst (-46.3 ± 3.5 mV) was slightly (by less than 2.5 mV) but significantly (repeated measures ANOVA with Tukey's post hoc test) more negative than in the second (-44.6 ± 3.3 mV), third (-44.1 ± 3.9 mV) and fourth (-44.4 ± 3.3 mV) bursts (n = 11) (Fig. 4Bb ). There were no significant differences in the first spike threshold among the second, third and fourth bursts. These results show that the very first spike in episodes of scratching and swimming has the lowest threshold. The threshold depolarizes within bursts of spikes and recovers between bursts to a slightly depolarized level.
Synaptic inputs do not affect the threshold of the first action potential during episodes of scratching and swimming
It was previously reported that action potential threshold hyperpolarizes in cat motoneurons during fictive locomotion (Krawitz et al. 2001 ) and fictive scratching (Power et al. 2010) , as well as in rat motoneurons during fictive locomotion (MacDonell et al. 2015) , and it increases the excitability of motoneurons. However, the threshold potential depolarizes in cat motoneurons during fictive weight support (Power et al. 2010 ).
Here we compared the threshold of an action potential in the same motoneuron evoked by a rheobase current pulse before spinal neural network activity with the threshold of the first spike during scratch network activity (Fig. 5Aa ) and swim network activity (Fig. 5Ba) . The first spike of the first burst was selected for analysis because it had the lowest threshold (which depolarizes during each episode of functional network activity as described in previous sections). The threshold of the first spike during scratching (-43.9 ± 4.6 mV) did not differ significantly (paired two-tailed t test) from the threshold of an action potential evoked by a rheobase current pulse before scratching (-43.5 ± 4.0 mV; n = 14) (Fig. 5Ab) . The threshold of the first spike during swimming (-47.4 ± 3.9 mV) also did not differ significantly (paired two-tailed t test) from the threshold of an action potential evoked by a rheobase current pulse before swimming (-47.3 ± 5.0 mV; n = 8) (Fig. 5Bb) . These results show that synaptic activity does not modulate the threshold potential of the first spike during episodes of motor network activity in turtle spinal motoneurons.
Relation between the threshold potential and firing pattern
During repetitive firing evoked by a rectangular current pulse the threshold for action potential generation in motoneurons depolarizes with time while firing frequency gradually decreases (Powers et al. 1999; Miles et al. 2005; Grigonis et al. 2016) , and therefore the depolarization of the threshold potential is thought to be one of the mechanisms that shapes the firing pattern by contributing 
. The threshold potential during bursts of motor network activity is hyperpolarized by injected short negative current pulses
The threshold of the last spike before a negative current pulse was compared with the threshold of the first spike after that negative current pulse during burst generation as shown in the example in A. Action potential threshold after negative current pulses was hyperpolarized significantly (paired two-tailed t test) during episodes of scratching (B) and swimming (C). Connected data points in B and C represent averaged threshold potential values for each individual motoneuron before and after negative current pulses applied during burst generation. * Significant differences. V th , threshold potential; V m , membrane potential; I, injected current.
to spike frequency adaptation (Powers et al. 1999; Miles et al. 2005) . In this study we found that the threshold depolarizes within bursts of action potentials generated during scratch and swim network activity in a similar manner to that during repetitive firing evoked by a rectangular current pulse. Hence, we also tested whether the depolarization of the threshold potential is related to the firing pattern during scratching and swimming. We measured the correlation between the threshold potential and ISI in firing bursts during motor network activity. There was almost no relation between the threshold potential and ISI during swimming (r = 0.05 ± 0.29; n = 10) and during scratching (r = -0.13 ± 0.37; n = 15) (Fig. 6 ). This was in contrast to a strong positive correlation between the threshold potential and ISI during rectangular current pulse stimulation (r = 0.86 ± 0.13; n = 22) (Fig. 6) . The duration and the mean ISI of repetitive firing responses during rectangular current pulse stimulation were similar to those observed in firing bursts during motor network activity (described in previous sections).
These results show that although the depolarization of the threshold potential might play a role in firing frequency adaptation during intrinsic firing, during functional spinal neural network activity firing frequency is irregular (Berg et al. 2007 (Berg et al. , 2008 Guzulaitis et al. 2016) independently of a gradual depolarization of the threshold. Action potential threshold may be influenced by the slope of pre-spike membrane potential (Azouz & Gray, 2000; Henze & Buzsáki, 2001; Muñoz & Fuentealba, 2012; Fontaine et al. 2014) ; therefore, we calculated the slope of membrane potential within 10 ms prior to the threshold for action potential initiation and checked whether it is related to the threshold potential. We found no apparent correlation between the slope of pre-spike membrane potential and the threshold potential within bursts during scratching (r = 0.16 ± 0.24; n = 15) and swimming (r = 0.19 ± 0.42; n = 10), and correlation coefficients were highly variable between different cells and even between different bursts at the episode from the same motoneuron. However, there was a strong relation 
. Recovery of action potential threshold between bursts of spikes
The threshold potential of the first spike in the first four firing bursts was measured during scratching and swimming as shown in the examples in Aa and Ba. The threshold of the first action potential in the first burst was slightly but significantly (repeated measures ANOVA with Tukey's post hoc test) more negative than in the second, third and fourth bursts during both scratching (Ab) and swimming (Bb). The threshold of the first spike in the second, third and fourth bursts did not differ significantly during scratching (Ab) and swimming (Bb). * Significant differences. V th , threshold potential; V m , membrane potential; stim, stimulation.
J Physiol 595.17
between the threshold potential and the duration from the onset of a burst during scratching (r = 0.76 ± 0.18; n = 15) and during swimming (r = 0.66 ± 0.14; n = 10). Moreover, there was also a strong relation between the threshold potential and smoothed membrane potential (using 100 ms centred unweighted moving averages) within bursts during scratching (r = 0.85 ± 0.13; n = 15) and swimming (r = 0.80 ± 0.07; n = 10). These findings indicate that during motor behaviours spike threshold within bursts is related to slow synaptic integration rather than fast synaptic events immediately before the occurrence of each spike.
Discussion
In the present study we used an ex vivo carapace-spinal cord preparation from adult turtles to investigate how the threshold potential of motoneurons varies during two types of functional motor behaviour -scratching and swimming, which differ not only in hindlimb kinematics (Field & Stein, 1997; Earhart & Stein, 2000; Stein, 2005) but also in underlying spinal circuits (Lennard & Stein, 1977; Stein, 2005; Guzulaitis et al. 2014) . We found that the threshold of the first spike was the lowest in episodes of fictive scratching and fictive swimming. The threshold potential depolarizes within bursts of spikes and recovers between bursts to a slightly depolarized level. Intense synaptic input during spinal neural network activity substantially increases membrane potential fluctuations and conductance of motoneurons (Alaburda et al. 2005; Berg et al. 2008; Guzulaitis et al. 2016) ; however, the threshold of the first spike generated during episodes of both scratching and swimming did not differ significantly from the threshold of a spike evoked by a rheobase current pulse before motor network activity. We did not find a relation between the threshold potential and ISI in firing The threshold of an action potential in the same motoneuron evoked by a rheobase current pulse before spinal neural network activity was compared with the threshold of the first spike during scratch and swim network activity as shown in the examples in Aa and Ba. Ab, the threshold of the first spike during scratching did not differ significantly (paired two-tailed t test) from the threshold of an action potential evoked by a rheobase current pulse before scratching. Bb, the threshold of the first spike during swimming did not differ significantly (paired two-tailed t test) from the threshold of an action potential evoked by a rheobase current pulse before swimming. n.s., non-significant differences. V th , threshold potential; V m , membrane potential; I, injected current; stim, stimulation.
bursts during scratch and swim activity, nor between the threshold potential and the slope of pre-spike membrane potential, but the threshold within bursts correlated with the duration from the onset of a burst and with smoothed membrane potential.
Here we demonstrated that the threshold potential depolarizes by about 10 mV in each burst of action potentials generated not only during scratching but during swimming as well. The magnitude of threshold depolarization during generation of functional motor programmes was very similar to the one during repetitive firing of motoneurons evoked by square current pulse stimulation. This fact indicates that the mechanism underlying the depolarization of the threshold in these cases is similar and may be associated with a decrease in the availability of sodium channels due to inactivation (Powers et al. 1999; Miles et al. 2005) . What is more, we found that small amplitude short negative current pulses applied during bursts of scratching and swimming hyperpolarized the threshold potential. Although negative current pulses were not sufficient to hyperpolarize the membrane potential during bursts close to resting potential values, in most cases they reduced firing frequency or even totally inhibited firing, and they could cause partial recovery of sodium channels from inactivation. This further supports the suggestion that sodium channel inactivation takes part in the depolarization of the threshold within bursts. However, other factors, such as metabotropic modulation and increased membrane conductance, may also influence the threshold potential. The membrane potential trajectory between spikes for a given firing rate was not affected by conductance increase caused by sustained inhibitory synaptic inputs in cat motoneurons (Schwindt & Calvin, 1973) . Moreover, tonic increase in membrane conductance of about 50% does not change the threshold for action potential generation in turtle motoneurons (Grigonis et al. 2016) . However, during neural network activity an increase in conductance is phasic and may be unevenly distributed on the dendrites and soma of motoneurons, and instantaneous peaks of an . Action potential threshold and interspike intervals are not related within bursts of spikes during scratching and swimming in contrast to repetitive firing evoked by a square current pulse A, examples of the relationship between the threshold potential and interspike intervals in single bursts of spikes generated during scratching and swimming and during repetitive firing evoked by current pulse stimulation. Recordings in A are taken from different motoneurons. B, there is no significant difference in Pearson's correlation coefficients (between V th and ISI) during scratching and swimming, but both of them were significantly (one-way ANOVA with Tukey's post hoc test) smaller than the correlation coefficient during square current pulse stimulation. * Significant differences; n.s., non-significant differences. V th , threshold potential; ISI, interspike interval; V m , membrane potential; stim, stimulation.
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increase can reach much higher values (Alaburda et al. 2005; Berg et al. 2008) . Thus these factors might lead to a noticeable depolarization of the threshold potential. Action potentials are initiated at the axon initial segment, which is located about 10 µm away from the soma in motoneurons (Duflocq et al. 2011) . Therefore, during intracellular recordings at the soma, changes in membrane conductance occurring between the soma and the axon initial segment could also affect the measured threshold potential. During firing frequency adaptation in a train of spikes evoked by a current pulse, while the threshold potential of motoneurons depolarizes (Miles et al. 2005; Grigonis et al. 2016) , the gain decreases (Granit et al. 1963; Kernell, 1965; Sawczuk et al. 1995; Buisas et al. 2012) . Therefore, depolarized threshold within bursts of spikes during functional spinal neural network activity could also suggest decreased gain. Indeed, a decrease in gain within bursts during fictive scratching was reported in turtle motoneurons (Vestergaard & Berg, 2015) .
Episodes of scratch and swim network activity consist of several bursts of action potentials. We evaluated the extent of threshold potential recovery between bursts. The threshold of the first spike in the first burst was slightly but significantly more negative than in subsequent bursts during both swimming and scratching. It means that the threshold does not fully recover during interburst periods, lasting from several hundreds of milliseconds up to 2 s. It was demonstrated previously that in hippocampal pyramidal neurons in vivo the occurrence of other action potentials in the 1 s prior to any given action potential is also associated with more depolarized thresholds (Henze & Buzsáki, 2001) .
During repetitive firing evoked by a square suprathreshold current pulse, firing frequency of spinal motoneurons gradually decreases (Granit et al. 1963; Kernell, 1965; Hounsgaard et al. 1988; Sawczuk et al. 1995) and this is closely related to the depolarization of the threshold potential (Miles et al. 2005; Grigonis et al. 2016) . However, previous studies of turtle spinal motoneurons reported that regular adapting firing pattern during square current pulse stimulation is replaced by irregular firing during scratch (Berg et al. 2007 (Berg et al. , 2008 Guzulaitis et al. 2016) and swim network activity. This fact can explain why we observed no apparent correlation between the threshold potential and interspike intervals during motor behaviours in contrast to a strong positive correlation during current pulse stimulation. The absence of obvious correlation between ISI and spike threshold was also observed in studies of cat motoneurons during fictive locomotion (Brownstone et al. 1992 ) and owl auditory neurons in vivo (Fontaine et al. 2014) , but not in the study of rat hippocampal pyramidal cells in vivo (Henze & Buzsáki, 2001) ; hence, the relation between the threshold and ISI may depend on the type of neurons and presynaptic networks involved.
The interpretation of the correlation between the threshold potential and ISI is straightforward when neurons are stimulated with a constant amplitude current pulse. During neural network activity synaptic inputs are highly variable and strongly influence firing frequency. In our case the absence of apparent correlation between the threshold potential and ISI indicates that gradual threshold depolarization is not related to the variation of adjacent ISIs. However, depolarization of the threshold generally decreases the excitability of neurons and it can decrease the total number of spikes or mean firing frequency in response to the same input. Therefore, the depolarization of the threshold potential can play a role in spike frequency adaptation during constant current injection induced intrinsic firing by gradual increase in ISI, while during functional spinal neural network activity threshold depolarization should increase the mean ISI without contributing to ISI variation caused by intense synaptic fluctuations (Alaburda et al. 2005; Berg et al. 2008) .
Strong negative correlation between the slope of pre-spike membrane potential and the threshold potential was reported in experimental studies of neurons from visual (Azouz & Gray, 2000 , auditory (Fontaine et al. 2014 ) and somatosensory (Wilent & Contreras, 2005) systems and was analysed in modelling studies (Platkiewicz & Brette, 2011; Yi et al. 2015; Huang et al. 2016) . Our results showed that during functional network activity in motoneurons there was no clear correlation between the slope of pre-spike membrane potential and the threshold potential. What is more, the depolarization of the threshold was related to smoothed membrane potential during bursts and to the duration from the onset of a burst. These findings indicate that slow synaptic integration that results in a wave of membrane potential depolarization within firing bursts is the factor influencing the threshold potential during motor behaviours, rather than fast synaptic events preceding each spike.
Hyperpolarization of even the first spike threshold was reported at the onset of fictive locomotion (Krawitz et al. 2001 ) and fictive scratching (Power et al. 2010) in cat motoneurons, as well as fictive locomotion (MacDonell et al. 2015) in rat motoneurons. In this study we did not detect any modulation of action potential threshold of the first action potential during episodes of motor network activity compared to the threshold of an action potential evoked by a rheobase current pulse. Metabotropic modulation of threshold potential level might occur later during an episode of network activity, but it would be difficult to detect due to substantial depolarization of the threshold within bursts.
Modulation of the threshold can depend on the specific motor behaviour and underlying pathways involved. For example, the threshold potential in cat motoneurons hyperpolarizes during fictive scratching, but depolarizes during fictive weight support (Power et al. 2010) . Hyperpolarization of the threshold potential in rat motoneurons is achieved by activation of descending serotonergic fibres (Gilmore & Fedirchuk, 2004) and by pharmacological application of serotonin and noradrenalin (Fedirchuk & Dai, 2004) . We used two types of functional spinal neural network activity -fictive swim and fictive scratchto investigate whether the threshold is modulated. The neuronal circuitry for scratching is intrinsic to the spinal cord (Stein, 2005; Guzulaitis et al. 2014) , while the circuitry for swimming also involves activation of descending serotonergic pathways (Lennard & Stein, 1977; Guzulaitis et al. 2016) . However, here the threshold potential of the first spike was not modulated during swimming nor during scratching.
The effect of serotonin on spinal motoneurons can be heterogeneous depending on the site of release and the type of activated 5-HT receptors (Perrier & Cotel, 2015; Perrier, 2016) . Activation of 5-HT 2 receptors on the somatodendritic region increases the excitability of spinal motoneurons (Perrier & Delgado-Lezama, 2005; Perrier & Cotel, 2008) , while activation of 5-HT 1A receptors at the axon initial segment inhibits the generation of action potentials (Perrier & Cotel, 2008; Cotel et al. 2013) . And finally, we cannot exclude anatomical and functional differences of spinal circuit organization between species.
Firing patterns in motoneurons are shaped by synaptic inputs and intrinsic properties, including persistent Na + (Harvey et al. 2006; Kuo et al. 2006) and Ca 2+ (Perrier et al. 2002) currents, postspike afterhyperpolarization (Granit et al. 1963; Kernell, 1965) and dynamics of spike threshold. In this study we found that the threshold potential in spinal motoneurons depolarizes by about 10 mV within each burst of spikes generated during scratch and swim network activity and recovers between bursts to a slightly depolarized level. This provides further evidence of substantial modulation of intrinsic properties during functional spinal neural network activity and demonstrates that in addition to high-conductance states (Alaburda et al. 2005; Berg et al. 2007 ) during burst generation motoneurons also enter high-threshold states. Depolarization of the threshold potential may provide a mechanism for stabilization of the response of a motoneuron to high intensity variable synaptic inputs by phasic reduction of excitability level to maintain the motor commands within an optimal range for muscle activation.
